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ABSTRACT: Broadband dielectric spectroscopy and differential scanning calorimetry were used to study the effect of changes in
the surface conditions on the segmental dynamics of poly(phenylmethylsiloxane) confined in alumina nanopores. Functionalization
was done using highly polar propyl phosphoric units separated by the assumed concentration of triethoxysilane groups (from N = 0
to N = 24). By adjusting the proportion between polar units and nonpolar spacers, it was possible to control the surface polarity.
Modification of the surface conditions does not inhibit the formation of the adsorbed layer, as revealed by the presence of two Tg’s in
calorimetric results. However, changes in the surface polarity will prevent the growth of the additional interlayer in between the core
volume and the interfacial layer. Finally, we also found that the changes in the surface polarity affect the equilibration kinetics and
can be used to control the time scale of the structural recovery toward the equilibrium state.
■ INTRODUCTION
Understanding polymers’ behavior at the nanoscale level is a
subject of continuous research due to the numerous
applications of polymer materials in microelectronic devices,
solar cells, smart coatings, nanocomposites, and many
others.1−5 The interest in nanoscale phenomena is because
when the size available for the polymer chain mobility
approaches that of finite length, its dynamic and static
properties can drastically change compared to what we usually
term a “bulk”. In turn, confinement is a unique state when the
intrinsic properties of the polymer material depend on the
sample thickness or imposed geometrical constraints.
In nanoscale confinement, a material’s characteristic proper-
ties are dominated by the finite size effect and interactions with
the interfaces or confining surfaces.6−11 In thin polymer films
supported by a solid substrate, the finite size effect affects the
relaxation dynamics, the glass-transition temperature, the
physical aging behavior of the glassy polymer, or the chain
conformation.12−16 Likewise, by infiltrating the polymer
sample inside cylindrical nanopores, its static and dynamic
properties may also change. For example, when lowering the
pore size, the glass-transition temperature can decrease or
remain unchanged compared to the bulk value.9,10,17−19 In
addition, the α-relaxation process, associated with segmental
mobility, broadens and its strength decreases.6−8
On the other side, the surface effects also have an enormous
impact on the polymer’s dynamics.9,20−28 Strong attractive
interactions can lead to the adsorption of the polymer
segments on the surface by forming hydrogen bonds. This
produces a gradient in dynamics across the film or nanopores,
resulting in more than one glass-transition event in a confined
geometry. The fraction of the polymer chains anchored to the
solid substrate has reduced mobility compared to the bulk
polymer. Conversely, those located away from the supported
surfaces are weakly or entirely not affected by confinement.
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Strong interactions at the polymer−substrate interface results
also in the local density distribution that vanishes when
moving away from the confining surface. In turn, at the free
surface, the polymer chains reveal enhanced mobility orders of
magnitude faster than the bulk dynamics.
It is often claimed that glass-transition dynamics in the
confined state is the outcome of the counterbalance between
finite size and surface effects.6,21,29,30 In addition, in some
cases, with the reduction of the thickness, the influence of the
finite size effect can be overpowered by the substrate
interaction. For this reason, understanding how the surface
conditions affect the behavior of polymers and glass-forming
systems at the nanoscale is an active research topic.9,20,22,31−33
However, the picture of the nanoscale-confinement
phenomena seen only as the interplay between the finite size
and surface effects is not complete. In recent years, the growing
number of experimental evidence points out that the soft
matter confined at the nanoscale level is trapped in an out-of-
equilibrium state. In such conditions, it can reside for a very
long time.34 The effects seen in confined geometry depend on
the thermal history or the processing conditions.35−40 When
provided enough time, confined material can reach the
equilibrium configuration and therefore reduce or even
eliminate some of the striking features seen only in constrained
geometry.28,34−36,41−43 In thin films, upon prolonged anneal-
ing, the conformation of the polymer chains located close to
the substrate is changing due to increased irreversible
adsorption.41,43−48 Prolonged annealing can slow down
initially faster dynamics as observed in thin films of
poly(methylmethacrylate) and poly(vinyl acetate).42 Plus, it
can restore some of the bulk sample’s properties, such as Tg
and dielectric strength.41,43−48 Likewise, in nanopore confine-
ment, one can observe out-of-equilibrium phenomena.35−39
One of them is the ability to recover by the system some of the
bulk properties, such as the temperature evolution of the α-
relaxation time.35,36 Upon annealing, the polymer chain
packing density changes and slows down the segmental
dynamics.35,36
One of the strategies that can be used to alter the surface
effects originating from the interaction of the polymer with the
pore walls is the chemical substitution of the surface-anchored
hydroxyl groups by various organosilanes. Numerous exper-
imental studies demonstrate that the change in the surface
chemistry due to silanization affects the structure of the
interfacial and core layers,22 the glass-transition temperature,20
and increases the hydrophobicity of the surface.9,20,23,32,33
Moreover, due to silanization, the effect of confinement may be
partially or completely removed,32,49−51 or either become more
pronounced when the pore diameter is reduced accord-
ingly.50,51 The efficiency of the silanization procedure depends
on the silanizing agent that is used. For example, alkylsilanes
are more effective in changing the glass-transition behavior as
compared to fluorosilanes.20 However, the surface modification
strategies do not involve only silanization; there are other
methods, for example, the use of ODPA (octadecylphosphonic
acid), which may affect the crystallization and local dynamics
of nanopore-confined poly(ε-caprolactone),52 as well as
control the phase behavior of liquid-crystalline materials.53
Apart from that an atomic-layer-deposition technique can be
utilized to fine-tune the surface properties of the confined
nanomaterials.31
Depending on the silanization procedure, which is used to
modify the surface of the nanopores, the formation of the
adsorbed layer, as well as the segmental mobility, might be
quite different. This we have demonstrated recently for
poly(phenylmethylsiloxane) confined in alumina membranes
with surface modification using two different silanization
agents, chlorotrimethylsilane (ClTMS) and (3-aminopropyl)-
trimethoxysilane (APTMOS).28 ClTMS was responsible for
replacing the native hydroxyl groups with trimethylsilane units,
while APTMOS provides aminopropylsilane species at the
pore surface. Such a distinct change turned out to have a
significant impact on the temperature evolution of the
segmental relaxation time and the breadth of the relaxation
function. Nevertheless, both silanization agents do not inhibit
the formation of the interfacial layer, as the two glass-transition
events were still detected on DSC thermograms of the
confined polymer.
When it comes to aluminum oxide surfaces, silanization is
less effective in creating homogeneous nonpolar (hydro-
phobic) surfaces than in the case of hydroxylated silica
surfaces. In turn, the use of phosphonic acid on alumina
surfaces gives more ordered self-assembled monolayers.53 For
this reason, in this work, we have modified the surface of
cylindrical alumina nanopores using highly polar phosphonic
acid units that were separated using the assumed concentration
of nonpolar spacer units. The pore diameter remains fixed, 80
nm. The use of spacer groups allowed for the compatible
distribution of the polar functional units.54 Because the spacer
units were nonpolar, adjusting the proportions between the
polar functional units and nonpolar spacers has enabled us to
precisely control the polarity of the surface. With the use of
such functionalized alumina nanopores, we have aimed to
investigate the segmental dynamics of the studied polymer,
poly(phenylmethylsiloxane), denoted PMPS 2.5k. The choice
of the tested material was as followed. At first, from the
previous study, we know that the glass-transition dynamics of
PMPS 2.5k is very sensitive to small frustration in density, and
therefore also confinement effects. Second, by comparing with
the previous results focused on ClTMS- and APTMOS-treated
nanopores, we can evaluate the influence of the different
strategies used to modify the chemistry of the pore walls on the
glass-transition dynamics in a confined space. Introducing
hydrophobic conditions at the surface turned out to affect
various aspects of the confined polymer dynamics. This
includes, for example, preventing the formation of the third
molecular layer, “interlayer”, located in between the adsorbed
layer and core volume. Functionalization of the pore surface
with the alternate use of polar/nonpolar units also affects the
equilibration kinetics and can be used to tune the time scale of
the structural recovery. Surprisingly, irrespective of the surface
conditions or thermal treatment protocol, we were still able to
detect two glass-transition events in calorimetric response of
the confined polymer. They are typically attributed to chain
mobility close to the pore walls and center of the pores. The
values of both Tg’s shift slightly toward higher temperatures
with increasing the surface polarity and after annealing.
Nevertheless, they are still present. Results of the dielectric
relaxation and differential scanning calorimetry (DSC) studies
demonstrate that taming the surface conditions could help to
get a better understanding and control over the behavior of
confined polymer materials in nonequilibrium states.
■ EXPERIMENTAL SECTION
Materials. The tested polymer is poly(phenylmethylsiloxane)
labeled in the text PMPS 2.5k, with Mn = 1 800, and polydispersity
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index (PDI) = 1.40. We show the chemical structure of PMPS in
Figure 1. The sample was purchased from Polymer Source Inc.
(Canada) as a clear, viscous, transparent liquid and used without
further purification. The glass-transition temperature of bulk PMPS
2.5k determined from the dielectric spectroscopy (DS) measurements
is Tg = 230 K (Tg = T at which τα = 1 s), while that from the DSC, we
get Tg = 230.3 K.
28,55 Numerous studies report the Tg value for bulk
PMPS to increase with the molecular weight.56−60 For Mn = 2 200
and PDI 1.28, Alexandris et al. obtained Tg = 229 K (DS) and Tg =
228 K (DSC).56
AAO Templates and Method of Infiltration. Native AAO
Nanopores.We have used commercially available anodized aluminum
oxide membranes (pore diameter of 80 ± 6 nm, pore depth 100 ± 1
μm) purchased from InRedox. The membranes are composed of
uniform hexagonal pore arrays aligned perpendicular to the surface of
the material and penetrating its entire thickness. The pore channels
are aligned parallel to each other. The diameter of the alumina
membrane is 13 ± 0.2 mm. The porosity of anodized alumina oxide
(AAO) membranes is 13%. Before filling, AAO membranes were
dried at 433 K in a vacuum oven for 24 h to remove any volatile
impurities from the nanochannels. In the next step, PMPS was placed
on the top of the AAO membranes, and then the entire system was
kept at T = 313 K under vacuum for 2 weeks. This allows the liquid to
flow inside the nanopores by capillary forces. The membranes were
weighed before and after infiltration. We have assumed that the filling
is completed once the mass of the membrane ceases to increase with
time. Then, the surface of the membranes was dried using delicate
dust-free tissues. Typically, the polymer mass inside 80 nm AAO
membranes varies within 2.1−2.5 mg.
Chemical Modification of the Pore Surface. For pore surface
modification, we have used AAO membranes (InRedox) characterized
by the same paraments as described above. We have prepared the
functionalized porous AAO matrices containing highly polar propyl
phosphoric acid units with an assumed concentration at the surface.
The use of spacer groups allowed to tune the distribution of the polar
functional units.54 Taking into consideration that the spacer units are
nonpolar, we can control the polarity of the surface by adjusting the
proportions between the polar functional units and nonpolar spacers.
The visual presentation of the material and the idea of using spacer
units can be seen in Figure 2.
We have prepared a few samples for the investigation, containing
various proportions between the polar and nonpolar units, so the
various polarity of the surface. We assumed that these would be the
representative samples, containing 0, 1, 3, 6, 12, and 24 nonpolar
spacers per single polar phosphonic acid unit. Samples were named
AAO−PO(OH)2−NX, where X denoted the number of spacers per
individual polar unit. Functionalization of the AAO matrices was
carried out under an argon atmosphere using a vacuum line. Solvents
were dried out and distilled just before the use. Reagents with the
highest available purity were used for reactions. Chlorotrimethox-
ysilane (ClTMS), bromotrimethoxysilane (BrTMS), and tetraethy-
lorthosilicate (TEOS) were purchased from Sigma-Aldrich and used
as supplied. Phosphonatepropyltriethoxysilane, hereafter called
PPTES, was purchased from Syntal Chemicals. The schematic
presentation of the functionalization procedure can be seen in Figure
3.
Before the functionalization process, we have dried AAO matrices
under vacuum at a temperature of 150 °C for 24 h to remove any
excess water from the pores. Such prepared matrices underwent the
procedure of grafting by precursors of the polar functional units and
precursors of the nonpolar spacer units (STEP 1). Here, we have
defined the assumed surface polarity but setting the molar proportions
between dopants: TEOS and PPTES. To do this, measured amounts
Figure 1. Chemical structure of poly(phenylmethylsiloxane) used in
this study.
Figure 2. Visualization of the AAO templates (a) and concept of tuning surface polarity using nonpolar spacer units. (b) Number of N determines
the molar proportion between polar (phosphonic acid) and nonpolar (trimethoxysilane) units and the total polarity of the surface.
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of TEOS and PPTES were mixed in toluene (4% solution) for 2 h
under argon. We have prepared five solutions, which contained
various concentrations of the TEOS and PPTES: 0:1 (total
functionalization, with no spacers), 1:1; 3:1; 6:1; 12:1, and 24:1
(final samples: AAO−PO(OH)2−N0, AAO−PO(OH)2−N1, AAO−
PO(OH)2−N3, AAO−PO(OH)2−N6, AAO−PO(OH)2−N12, and
AAO−PO(OH)2−N24). Completely dried AAO matrices were
inserted into open teflon par-autoclaves, and the grafting solutions
were immediately poured. Samples were degassed under a vacuum to
ensure the total filling of the pores by the solution. Next, autoclaves
were closed and kept untouched for 24 h at a temperature of 80 °C.
After this time, the samples were rinsed with toluene, immersed in the
pure toluene again, and put into an ultrasonic bath for 1 h to remove
any excess of the doping solution and avoid its polymerization. We
have repeated the procedure twice for toluene and once for
dichloromethane. Afterward, the samples were dried in a vacuum
overnight inside open teflon autoclaves, ready for the subsequent
processing. The obtained AAO matrices contain esters of phosphonic
acid and surface hydroxyl units in assumed proportions. In STEP 2,
hydroxyl units were transferred into nonpolar triethoxy units by
silanization. This was achieved by treating the pre-functionalized AAO
matrices with a solution of chlorotrimethylsilan in toluene (2% of
volume). The procedure was the same as in the previous step. Also,
here we have carried out the reaction in closed teflon-par autoclaves at
a temperature of 80 °C for 24 h. We have washed the samples in the
same way as previously. We have applied a selective two-step process
to hydrolyze (STEP 3) the phosphonic acid diethyl ester groups into
phosphonic acid. This was done by treating the samples with a
solution of bromotrimethylsilane in toluene (4% of volume) in the
same way as in the previous steps. After washing and drying samples,
they were immersed in a mixture of methanol and deionized water
(1:1 of volume) to complete the conversion. The resulting samples
containing phosphonic acid units separated by triethoxysilane groups
in assumed proportions were dried under vacuum and stored in a
protective atmosphere of argon. The detailed characterization of the
modified alumina surfaces and verification of each synthesis step can
be found in the Supporting Information.
■ METHODS
Water Contact Angle. In order to characterize the surface
properties of the modified alumina substrates, we have measured the
water contact angle (WCA) using a drop shape analysis instrument
Figure 3. Visualization of the functionalization procedure for porous alumina oxide matrices using phosphonic acid units separated by trimethyl
silane.
Figure 4. Geometrically optimized models of the functional units ((−O)3−Si−(CH2)3−PO(OH)2)(a) and spacer groups ((−O)3−Si−O−
Si(O−CH3)3)(b) with the diagonal line which marks the total lengths.
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(JC2000D contact angle tester) under ambient humidity and
temperature. We have applied the sessile drop technique for the
measurement of static contact angle. We have used 5 μL of deionized
water in each drop. The contact angle was measured immediately after
dropping H2O. For all samples, we have checked the variation in the
contact angle with time by taking an additional measurement after 30
s from the dropping. There was no significant difference in the case of
the reference material (pure, unfunctionalized AAO matrix). For
functionalized alumina, the contact angle was constant in time.
Geometry of the Nanopores. To check the geometry of the
functional units and spacer groups, we have prepared their numerical
models and optimized them geometrically. Theoretical calculations
were carried out in the gas phase using the density functional theory
calculations61 available in the Gaussian 09 software package.62 The
geometry of the modeled molecules was first optimized using the
Becke’s hybrid exchange and correlated three-parameter63 with the
Lee−Yang−Parr correlation functional (B3LYP),64 and the split-
valence basis sets 3-21G. Next, the optimized structures were used as
input files for further optimization and the vibrational harmonic
calculations using the MOLPRO Basis Query def2-TZVP,65 as a
reasonably accurate basis set within a reasonable computational time.
As a result of the geometry optimization, we had obtained a few
conformers for each molecule. The final configurations of the models
were selected based on the conformational analysis. Conformers with
the lowest energy had been chosen as the correct ones.
The numerical simulations allow for the estimation of the lengths
of the functional and spacer units, thus estimating their impact on the
pores’ volume. The structures of the optimized molecules, and their
sizes are shown in Figure 4. As can be seen, the lengths of the spacer
units and functional groups are significantly lower than the diameter
of the pores (80 nm). Thus, in our opinion, their impact on the pores’
volume can be negligible.
The channel interior is covered with functional units and separator
groups with variable proportions. One can consider some narrowing
of the diameter of the pores as a result of such functionalization. The
approximated length of the functional unit is 0.75 nm, while the
spacer group has 0.64 nm (see: Figure 4). Considering that the
diameter of the pores is 80 nm, the narrowing resulting from the
functionalization is negligible. Moreover, the difference in the
diameter of the functional and spacer units is only 0.11 nm, and
the influence of the proportions between the spacers and
functionalities cannot be seen practically. Figure 5 visualizes this
situation. As can be seen, the narrowing of the pores is much lower
than the error in measuring the pore sizes after the synthesis of the
AAO matrix and the variation in the diameter of the channels.
Likewise, the radius of gyration for the studied polymer (PMPS of Mn
= 1800) is less than 1.5 nm (∼1.43 nm), meaning that it is much
smaller than the diameter of the considered nanopores (80 nm).
Therefore, 2Rg/D is 0.0356.
66
Dielectric Spectroscopy. DS measurements for bulk and
nanopore-confined PMPS were made with a Novocontrol Alpha
frequency analyzer. For the bulk sample, we have used standard
plate−plate electrodes of 20 mm in diameter separated by a 50 μm
teflon spacer. Native and surface-modified alumina nanopores filled
with the investigated polymer were placed between two round
electrodes with a diameter of 10 mm. Bulk and nanopore-confined
samples were measured as a function of temperature in the frequency
range from 10−2 to 106 Hz. The temperature was controlled with
stability better than 0.1 K by a quatro system. The complex dielectric
permittivity ε* = ε′ − iε″, where ε′ is the real and ε″ is the imaginary
part, were collected on (i) slow cooling with 0.2 K/min from 293 to
219 K and (ii) slow heating from 219 to 293 K with 0.2 K/min
followed by fast quench (10 K/min). The time-dependent measure-
ments were also carried out using a Novocontrol Alpha analyzer for
up to 20 h at different temperatures. Thermal protocol for such
experiments involved quenches from the room temperature to an
intermediate temperature or either directly to a selected annealing
temperature.
Because the nanopore-confined material reveals strongly non-
equilibrium behavior, the polymer samples have experienced exactly
the same thermal treatment and time-interval protocols. The dielectric
measurements were performed immediately after weighting and
cleaning the surface of the nanoporous templates. Recently, Tu and
co-workers have dwelled on that subject more carefully and
demonstrate that the intensity of the dielectric loss curve for cis-1,4-
polyisoprenes in AAO templates changes after complete imbibition.
Interestingly, it can even completely reverse the trend due to
increasing adsorption. As a result, the dielectric loss curves start to
decrease in intensity with time.67,68
Analysis of the Dielectric Permittivity for the Polymer
Confined in Alumina Nanopores. Herein, it should be noted that
the nanopore-confined system under consideration is an inhomoge-
neous dielectric that includes the tested polymer located inside the
alumina matrix. Because the electric field runs along the nanopore
channels, the entire heterogeneous dielectric response problem can be
modeled using the equivalent circuit composed of the two capacitors
connected in parallel. In such a case, the dielectric permittivity of a
composite material (the raw data that we measure using an impedance
analyzer) is the sum of the dielectric permittivity of the individual
componentsconfined polymer and alumina matrixweighted by
the respective volume fractions69
(1 )composite polymer AAOε ε φ ϕ ε= + − (1)
where φ is the porosity of the alumina membrane, εAAO is the
dielectric permittivity of the alumina membrane, and εpolymer is the
dielectric permittivity of the confined polymer. Thus, for the real and








/polymer compositeε ε φ″ = ″ (2)
To characterize the dielectric permittivity of the matrix, we have
measured the dielectric signal of the empty AAO membranes. The
data presented in Figure 6a show that the values of ε′ are almost
Figure 5. Visualization of the influence of functionalization on the narrowing of the pore channels with a diameter of 80 nm. The borderline cases
were considered: nonfunctionalized AAO matrix (a) AAO matrix functionalized exclusively with spacer units (spacer units layer was red
marked(b)) and AAO matrix functionalized exclusively with functional units (functional units layer was blue marked(c)).
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temperature-independent for the functionalized alumina templates
with N = 0 and can be considered loss-free (inset). In addition to that,
native and modified AAO membranes with a pore diameter of 80 nm
show frequency invariance of ε′, as demonstrated in Figure 6b. The
differences in the nature of the surface chemistry at the pore walls are
reflected in the values of ε′. For native nanoporesrich with OH
groups at the surfacethe dielectric response of the empty
membrane is higher compared to phosphonic acid-functionalized
nanopores. Because empty membranes are filled with air (ε′air = 1),
finding the permittivity of the bare alumina matrix, εAAO, will also
employ eq 2. The porosity of AAO membranes with 80 nm pore sizes
is 13%, which makes φ = 0.13. In the next step, the correction of the
dielectric data for PMPS 2.5k confined in such nanoporous templates
was carried out accordingly with eq 2.
Figure 7 compares the pure polymer contribution with that of the
polymer−matrix composite material. The representative dielectric loss
curve for the tested polymer confined in native alumina nanopores is
shifted toward higher values of ε″, as it depends only on the porosity
of the membrane. The position of the maximum and the breadth of
the α-loss peak remains the same. This is in line with the work by
Alexandris and co-workers (see the Supporting Information therein),
who also demonstrated that the only variable, which will be affected in
such geometry is the absolute value of the dielectric permittivity.56
It should be noted that the scenario described above refers to the
ideal situation when the nanopores are 100% filled with the
investigated sample. However, in many cases, mainly due to high
viscosity, the polymer imbibition within AAO nanopores is
significantly impeded. In such a case, it is impossible to avoid air
gaps inside the nanochannels, and additional corrections for some
insulating blockage within the pore are needed. This can be done
according to the procedure described in our recent paper.69 If we
assume that the nanopores are filled with PMPS 2.5k only up to 90%,
we can also expect no shift of the α-peak, and spectral broadening
(see Figure 7, “pure polymer, porosity, and air gap corrections”).
Differential Scanning Calorimetry. Calorimetric measurements
were carried out using a Mettler Toledo DSC apparatus equipped
with a liquid nitrogen cooling accessory and an HSS8 ceramic sensor
(heat flux sensor with 120 thermocouples). Temperature and
enthalpy calibrations were performed by using indium and zinc
standards. Crucibles with the prepared samples (bulk or either
crushed alumina membranes containing confined PMPS) were sealed
and cooled down to 183 K with the rate of either 0.5, 5, or 10 K/min
inside a DSC apparatus. Then, DSC thermograms were recorded on
heating with a rate of 10 K/min in the temperature range from 183 to
313 K. Tg values were determined from heat flow data as the point
Figure 6. (a) Real and imaginary (inset) parts of the complex dielectric permittivity for the empty (air-filled) functionalized AAO membrane with
N = 0 recorded on cooling from 293 to 218 K. The diameter of the nanopores is 80 nm. (b) Real part of the complex dielectric permittivity for the
empty (air-filled) AAO membranes with pristine and chemically modified surface of the pore walls (from N = 0 to N = 24) as measured at 253 K.
Figure 7. Dielectric loss spectrum for PMPS 2.5k embedded within
AAO nanopores of 80 nm size with surface modified by phosphonic
acid (N = 0), labeled as “composite”. Data were recorded on
subsequent cooling from 293 to 219 K with 0.2 K/min. The open
blue squares are obtained by correcting the composite data by the
porosity contribution (pure polymer and porosity correction). The
green open circles are brought by including the correction for
incomplete filling of the nanochannels with the polymer (up to 10%).
All curves refer to 253 K.
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corresponding to the midpoint inflection of the extrapolated onset
and end of the transition curve. The time-dependent measurements
were also carried out using the same DSC system. Thermal protocol
for such experiments involved:
1. Quench from T = 313 to T = 235 K.
2. Heating to T = 313 K upon which the DSC thermograms were
collected.
3. Cooling to T = 247 K.
4. Waiting at 247 K for 10 h.
After annealing at 235 K, the sample was heated up to T = 313 K.
Upon that heating run, we have recorded the DSC thermogram for
the confined material. After annealing at 247 K, the sample was cooled
down again to T = 183 K and then heated up while measuring heat
flow changes continuously until it reaches T = 313 K. The heating and
cooling rates were kept constant, 10 K/min.
■ RESULTS AND DISCUSSION
We start by demonstrating the difference in the surface
properties after the functionalization of the alumina nanopores
using highly polar propyl phosphoric acid units and the
assumed number of nonpolar trimethoxysilane separators. All
silanization steps were carefully described in the previous
section. It should be noted that after such treatment, the
surface properties of the alumina matrices are expected to
change significantly. Therefore, the contact angle was
measured. The literature data show that the pure AAO matrix
shows hydrophilic properties.70,71 In our results, the obtained
value of the WCA for the native AAO nanopores is
approximately 35°. This value decreases to 28° after 30 s
after the dropping, possibly due to water getting inside the
nanopores (see Figure 8). Interestingly, we have not observed
this effect for functionalized samples. In this case, the contact
angle remains unchanged in time. This proves that
functionalization increases hydrophobicity in such a way that
water is not able to penetrate pores in alumina oxide.
As we can see in Figure 9, most of the samples show a
hydrophobic character70 (contact angle of above 90°), except
for the sample of AAO−PO(OH)2−N0. However, this sample
does not possess hydrophobic spacers but a relatively high
concentration of dipolar phosphoric acid groups. The strongest
hydrophobicity is observed for the sample AAO−PO(OH)2−
N24, according to our assumptions. In this case, we have 24
nonpolar spacer units per single polar phosphonic acid group.
This material has the lowest dipolar character of the surface.
With lowering the number of spacers per polar functional unit,
we also observe increasing hydrophobicity of the surface. For
the samples of AAO−PO(OH)2−N12, AAO−PO(OH)2−N6,
and AAO−PO(OH)2−N3, this increase is relatively low but
constant. Much more significant changes are observed for the
sample containing equimolar proportions of polar and
nonpolar units [AAO−PO(OH)2−N1], and the afore-
mentioned sample of AAO−PO(OH)2−N0. The dependency
of the contact angle on the number of the spacer groups is
shown in Figure 10. Based on these results, we conclude that
Figure 8. Results of contact-angle measurements for the reference
sample: native AAO matrix.
Figure 9. Results of contact-angle measurements for AAO nanoporous templates containing various concentrations of the polar phosphonic acid
groups at the surface.
Figure 10. Dependency of the contact angle as a function of the
number of the nonpolar spacer groups.
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with increasing N, the alumina nanopore properties are more
hydrophobic. In the Supporting Information, we also provide
measurements of WCA for the functionalized nonporous flat
alumina surfaces and demonstrate that this trend is very
similar.
Experimental evidence demonstrates that the hydrophobic
and hydrophilic properties of the confining surfaces might
significantly influence the glass-transition dynamics.9,20,31,71
Therefore, in the next step, we have investigated changes in the
segmental dynamics of the confined polymer induced by
changing the surface polarity. From the previous work,28,55 we
know that in the dielectric spectra of bulk PMPS 2.5k one can
detect three relaxation processes of different molecular origins:
α′, α, and β-relaxations. The former one is identified as the
sub-Rouse mode, the second one is due to segmental mobility,
and the latter one represents more local motions, though it is
strongly coupled to the structural relaxation.
Figure 11 presents the dielectric loss spectra for the studied
polymer confined within 80 nm-functionalized AAO nano-
pores measured at different temperatures, as indicated. In
nanopore confinement, we found the two relaxation processes,
α′ and α. The slower one, α′-relaxation, is very broad and
hardly noticeable due to its low intensity. Interestingly, when
confined in AAO nanopores, the secondary β-relaxation is no
longer observed. A similar finding we also reported for PMPS
with higher molecular weight27.7k (Mw)confined in
native AAO nanopores.60 The lack of the β-relaxation under
confinement was also seen in vapor-deposited glasses and
epoxy resins constrained in alumina nanopores.36,72 Such an
effect might originate from the density variation or interactions
with the constraining surface, which influences the geometry or
induces conformational changes. As a consequence, the dipole
moment libration of the molecule is affected too.
i i
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where ε∞ is the high-frequency limit of the permittivity, Δε is
the dielectric strength, a and b are the shape parameters, σ0 is
the dc conductivity, τHN denotes the relaxation time, and ω is
the angular frequency (ω = 2πf). Using HN fitting parameters,
the maximum of loss peak frequency fmax can be calculated










































The analysis of the collected dielectric loss spectra for α- and
α′- processes performed from the fitting procedure has
included the superposition of 2 HN functions. Finally, the
relaxation times were obtained by calculating τmax = 1/
(2πfmax). Because the intensity of the α′- peak in alumina
nanopores is very low and the distribution of the relaxation
time is very broad, the obtained τα’(T) dependences were
eliminated from subsequent consideration. We have only
focused on the segmental dynamics of the studied polymer
embedded within nanoporous templates with native and
functionalized pore surfaces.
Figure 12a presents the temperature dependences of the α-
relaxation time for PMPS 2.5k in the bulk and confined within
AAO nanopores. The results were obtained upon heating with
0.2 K/min followed by rapid cooling with 10 K/min from 293
to 219 K. The segmental process for the bulk polymer exhibits
Vogel−Fulcher−Tammann (VFT) behavior, therefore, can be













where τ∞ is the limiting relaxation time at very high
temperatures, B is the activation parameter, while T0 is the
“ideal” glass temperature, often termed as a Vogel temperature.
The results show that the segmental relaxation in phosphonic
acid-functionalized nanopores with a varying number of
nonpolar spacer groups attached to the pore walls follows
bulk behavior at higher temperatures. However, as the
temperature is decreased, we can observe some deviation
from the bulk VFT dependence. These results coincide with
our previous work on PMPS 2.5k confined in 55 nm size native
and silanized AAO templates28 as well as numerous literature
works reported for other glass-forming substances in confined
geometry.17,40,78−81 Faster dynamics in nanopores compared
to the bulk sample can be related, for example, with frustration
in the density,24,35,79 dynamic exchange between the surface
layer and free molecules,82 approaching the length scale of
cooperative dynamics,83 or crossing a spinodal temperature.84
In the next step, we have examined the effect of the different
thermal protocols on the τα(T) for the investigated polymer
embedded within 80 nm treated and untreated AAO. In this
case, the segmental relaxation times were measured upon (i)
slow cooling from the room temperature with a rate of ∼0.2
K/min as well (ii) upon slow heating from the glassy state,
which was followed by cooling with 10 K/min to low
temperatures. The representative results for PMPS 2.5k in 80
nm native alumina pores are shown in Figure 12b. As can be
seen, depending on the protocol τα(T) evolves in a slightly
different way. This indicates that the segmental relaxation of
the studied polymer is in an out-of-equilibrium state. Notably,
the same effect was also seen in nanoporous templates with
varying surface polarity. In the temperature region, where the
Figure 11. Dielectric loss spectra of PMPS 2.5k located in 80 nm
AAO nanopores with functionalized pore walls (N = 24) as measured
at different temperatures. The spectra shown are for the polymer−
matrix composite material and were collected upon cooling with a rate
of 0.2 K/min. Collected dielectric loss spectra were parameterized
using the Havriliak−Negami (HN) function given as shown in ref.73
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obtained dependences do not follow the VFT behavior













where ΔE is the activation energy and τ∞ is a pre-exponential
factor.
At this point, it is worth noting that the temperature at
which the α-relaxation time starts to deviate from the bulk
dependence (we labeled it in Figure 12b as Tg2) is often related
to vitrification of the interfacial layer, that is, the fraction of
molecules with retarded mobility due to interactions with the
Figure 12. (a) Temperature dependence of the segmental relaxation times for PMPS 2.5k confined to 80 nm in diameter native and functionalized
AAO nanopores with a varying number of nonpolar spacers per single polar phosphonic acid unit (from N = 0 to N = 24). The temperature
dependence of the segmental relaxation time for the bulk polymer is shown as a reference. The data were measured on slow heating from lower
temperatures; (b) τα(T) for the tested polymer located in native alumina nanopores measured by following two different thermal protocols. Data
were obtained either on cooling from higher temperatures or on heating from lower temperatures (followed by quench). The blue line is the VFT
fit, while the green line represents Arrhenius fit to data. The Tg values for DSC and DS are also shown for reference.
Figure 13. Comparison of the shape of the α-relaxation for PMPS 2.5k confined to native and surface-modified AAO nanopores with 80 nm pore
sizes as measured on slow heating from the glassy state at two different temperatures, that is, (a) above and (b) below a characteristic kink in the
τα(T). Bulk spectra are given as a reference.
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pore walls.19 Such a conclusion has been drawn by combining
the results of the dielectric relaxation and calorimetric studies
for some glass-forming systems confined in nanoporous
alumina templates.40,78 On the other hand, by extrapolating
τα(T) recorded at lower temperatures to 1 s, the glass-
transition temperature of the remaining polymer chains in the
core volume can be estimated. From that we get, Tg1(DS) =
213.5 K and Tg2(DS) = 241 K. By comparing the obtained
results with that extracted from the calorimetric studies (shown
in the further part of this paper), we found a very good
agreement between Tg1(DS) and Tg1(DSC), which reflect
vitrification within the core volume. However, a marked
discrepancy was observed at higher temperatures, where the
interfacial layer is expected to vitrify. We suppose that this
might be related to the enormous sensitivity of the PMPS
segmental dynamics to density frustration, which can be
induced, for example, by changing even very slightly the
thermal protocol.
We conclude this part by noting that for untreated alumina
nanopores, the change in the segmental relaxation time is
virtually the same as when we precisely control the polarity of
the surface by adjusting the proportions between the polar
functional units and nonpolar spacers. This is a very surprising
result, especially that for PMPS 2.5k confined within 55 nm
alumina templates with surface modified using either hydro-
philic APTMOS or either more hydrophobic ClTMS, we could
see a clear difference. In that case, the polymer dynamics
confined within AAO membranes with the surface modified
using APTMOS (contact angle value 28.16°) was faster
compared to the bulk. While for the surfaces treated with
ClTMS (the WCA ∼90°), we have not seen any deviation of
τα(T) from the bulk behavior.
28 Conversely, the confinement
effect was clearly seen on DSC thermograms as the two
distinct glass-transition events located above and below the
vitrification temperatures of the bulk polymer were detected.
Apart from the analysis of the segmental relaxation times, it
is also essential to compare the distribution of the α-relaxation
time for native and phosphonic acid-functionalized nanopores
with respect to the bulk polymer. We provide such comparison
in Figure 13a,b. For the confined systems, the observed
spectral broadening is widely reported in the literature. In
addition, it indicates that the segmental relaxation becomes
more heterogeneous in a spatially restricted environ-
ment.17,74,86−88 As reported in the literature, by the silanization
of the inner pore walls, the broadening of the α-relaxation peak
in confinement might be even thoroughly eliminated.17,21
However, the results presented in Figure 13a,b show no virtual
difference in the breadth of the α-relaxation peak for PMPS
2.5k confined within treated and untreated nanoporous
templates, neither at high nor at lower temperatures. The
distribution of the α-relaxation time for all nanopore-confined
samples is practically the same. It is evident that nanopore
confinement itself is responsible for significantly broadening
the relaxation time distribution. A particular surface condition
plays here almost no role.
To describe more quantitatively the shape of the α-loss peak,
we use the fractional exponent βKWW from the Kohlrausch and




















where βKWW varies from 0 to 1. It should be noted that the
value of βKWW decreases with increasing the width of the
relaxation spectrum. The value of the stretching exponent
obtained for PMPS 2.5k was confined in 80 nm alumina
nanopores with varying surface polarity as measured at two
different temperatures located above and below a characteristic
kink in the τα(T) dependence is 0.21, while for the bulk
polymer, we get 0.44. By comparing the obtained values, we
found a pronounced broadening of the α-loss peak in confined
geometry, whichas mentioned beforeis a typical sign of
increasing heterogeneous relaxation dynamics in the presence
of geometrical nanoconstraints. On the other hand, the change
in the surface conditions from N = 0 to N = 24 practically does
not affect the distribution of the α-relaxation times. At this
point, we would like to recall our previous study on PMPS 2.5k
confined within alumina templates with the surface of the
Figure 14. Standard DSC traces recorded for PMPS 2.5k located in 80 nm native AAO nanopores. The protocol of the measurement is shown in
the inset. Samples were first cooled to 183 K and subsequently heated with a rate of 10 K/min.
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pores modified using different silanizing agents, ClTMS and
APTMOS. The stretching exponents obtained for the ClTMS-
treated pores was 0.36, while for a more hydrophilic APTMOS
surface, we get 0.28.28 Both values are larger compared to
those reported in the present work. Based on that finding, we
suppose that the breadth of the relaxation function, at least to
some extent, senses changes in the chemical nature of the
surface. However, the differences in the surface conditions
induced by controlling the proportions between the polar
functional units and nonpolar spacers do not make here any
additional changes.
To confirm and verify the results derived from the dielectric
measurements, we have also performed DSC for PMPS 2.5k
confined in native and surface-modified nanopores. For this
purpose, we have performed DSC scans using three different
cooling rates: 10, 5, and 0.5 K/min, followed by heating with
10 K/min. The results collected in Figure 14 indicate that the
number of glass-transition events for the native AAO
nanopores decreases with decreasing the cooling rate. With
the fastest cooling rate used in this study, that is, 10 K/min, we
were able to observe three glass-transition events, while the
intermediate and ultraslow cooling rates generate only two
Tg’s. This type of observation was reported for the first time by
Li and co-workers for poly(methyl methacrylate) confined in
alumina nanopores.91 The origin of such a phenomenon was
related to strong interfacial interactions between the polymer
chains and the pore walls that can propagate into the center of
the pore. As a result, an additional layerso-called an
interlayeris formed. The interlayer is situated in between
the core volume and adsorbed layer. Such a gradient in
mobility results in three glass-transition events: Tg1 (for the
core volume), Tg2 (for the interfacial), and Tg3 (for the
interlayer). The formation of each layer is a strongly
nonequilibrium process; therefore, their thicknesses can
change with time or the cooling rate in a different way.
Interestingly, as can be seen in Figure 15a−c, in DSC
thermograms of the studied polymer confined in alumina
nanopores with the modified surface polarity, we have not
observed the presence of three Tg’s. In contrast to native AAO
nanopores, only two endothermic processes were detected in
such cases. When changing the number of the nonpolar space
units from N = 0 to N = 24, a small but systematic increase of
Tg1 and Tg2 values is observed. Compared to native AAO
nanopores, Tg values corresponding to the core volume are
always slightly higher in silanized nanopores, while for the
interfacial layer, they are lower. Herein, it is worth recalling our
previous study on PMPS 2.5k confined in AAO nanopores
with pore walls modified using ClTMS and APTMOS. In that
case, we have also observed the presence of two glass-transition
temperatures reflecting interfacial and core dynamics, while no
calorimetric signatures of the interlayer formation. As we
suppose, silanization of the surface walls cannot inhibit the
formation of the adsorbed layer with frustrated dynamics.
However, it effectively weakens the spread of the gradient in
dynamics toward the center part of the pores.
Recent studies on polymer thin films and nanopore
confinement highlight the important role of nonequilibrium
phenomena in determining the behavior of confined glass-
forming systems at the nanometer length scale.31,35,38,40,42,80,92
In the presence of spatial restrictions comparable in size with
the coil dimensions, the polymer chains cannot approach an
equilibrium conformation within the time typically allowed for
processing or stabilization of a new condition. As a result of the
frustration in the density, deviations in segmental mobility is
observed in a confined space. Nevertheless, when provided
enough time, out-of-equilibrium chains can partially or
Figure 15. Standard DSC thermograms were recorded for PMPS 2.5k confined in AAO nanopores with the native and modified surfaces.
Calorimetric data were recorded on heating with a rate of 10 K/min; after the previous cooling with 10 K/min. Panels (b,c) represent DSC curves
in more detail, indicating the different Tg values for each case.
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completely relax and approach an equilibrium configuration
characteristic for a given state condition. This causes changes
in the properties of the confined polymer with time.
Therefore, for the completeness of the present study, we
wish to focus on nonequilibrium phenomena taking place in
nanopore-confined geometry, and the role of surface chemistry
in recovering the bulk-like behavior with time. For that
purpose, we have carried out time-dependent dielectric and
calorimetric measurements in the selected temperature
conditions located just a few Kelvins below Tg2 for a period
of up to 20 h. Thermal protocol for such experiments involved
quenches from the room temperature to a designated
annealing temperature with or without an intermediate
temperature jump. In the lower inset of Figure 16, we show
representative time evolution of the dielectric loss spectra for
the PMPS 2.5k confined in 80 nm AAO nanopores with 24
nonpolar group spacers at the surface after a jump in
temperature from 293 K to TANN = 247 K. The shift of the
α-loss peak toward lower frequencies with time indicates
slowing down of the segmental dynamics. After waiting for a
subsequent time at TANN = 247 K, the α-relaxation peak ceases
to shift. Eventually, the confined polymer reaches the
Figure 16. (main) Segmental relaxation times plotted vs the temperature for bulk PMPS 2.5k and confined to 80 nm surface-modified AAO
nanopores (polar/nonpolar spacers, N = 24). The results were collected before (“initial”) and after (“recovery”) annealing at TANN = 247 K;
previously, the samples experience two different thermal treatment protocols (up jump from 243 K and down jumps from 293 K). The solid line
represents the fitting of the bulk data to the VFT equation. The upper and lower insets present changes in the α-loss peak position for the confined
polymer at TANN.
Figure 17. (main) Segmental relaxation times plotted vs the temperature for the bulk PMPS 2.5k and confined to 80 nm AAO nanopores with
native and modified surfaces (polar/nonpolar spacers, N = 1 and N = 24). The results were collected before (“initial”) and after (“recovery”)
annealing at TANN = 247 K; previously, the samples experience two different thermal treatment protocols (up jump from 243 K and down jumps
from 293 K). The solid line represents the fitting of the bulk data to the VFT equation. Inset shows a close-up view of the data.
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relaxation time corresponding to the bulk sample (within 3−4
h of annealing). This recovery phenomenon we can follow by
analyzing changes of the τα as a function of time. For clarity, in
the main panel of Figure 16, we present the initial and final
values of τα (noted as “down jump”). The same equilibration
behavior was also seen in other cases. For both native and
surface-modified nanopores, at a selected annealing temper-
ature TANN = 247 K, it was possible to recover a τα
characteristic for a bulk polymer, as shown in Figure 17. By
looking closely at the initial values of the α-relaxation times
measured at TANN = 247 K (inset in Figure 17), we found that
for the samples that experience the same thermal protocol, the
fastest dynamics is seen in native nanopores, while the slowest
one in functionalized pores with the greater number of
nonpolar spacer groups N = 24 (i.e., the most hydrophobic
ones).
To analyze the equilibration kinetics in confined geometry,
the evolution of the α-relaxation time upon annealing was
described using a stretched exponential function given as
a t bexp( / )nANNτ τ= · − +α (8)
where τANN is a characteristic annealing time. The fitting
parameters for confined polymer samples are collected in
Table 1. The results indicate that for the down jump (from 293
to 247 K), the equilibration time increases with increasing the
number of nonpolar group spacers attached to the pore
surface.
Apart from doing a down jump from the equilibrium state of
faster dynamics (293 K) to the nonequilibrium state of slower
dynamics (247 K), we have also carried out time-dependent
measurements at the selected annealing temperatures TANN =
247 K in the up-jump conditions. To do that, the tested
samples were first cooled down from room temperature to a
pre-initial annealing temperature, TANN 5K = 243 K. At this
temperature, the sample was allowed to completely recover so
that the τα approach the value characteristic for a bulk polymer
at a given temperature. Only after that, an up jump in
temperature was performed from 243 to 247 K. The upper
inset in Figure 16 demonstrates the corresponding changes in
the dielectric loss spectra recorded for PMPS 2.5k confined in
silanized nanopores (N = 24) upon the equilibration process at
TANN for such cases. In contrast to the down-jump conditions,
the segmental mobility is reduced compared to the bulk, but it
progressively increases with time. The peak maximum shifts
toward higher frequencies and eventually reaches the same
relaxation time as for the bulk (it takes ∼2 h). Although the
depths of the up and down jumps are not the same (ΔT for
down > up), we can still extract some interesting information
regarding equilibration phenomena in a nanopore confine-
ment. A close study of the inset in Figure 17 reveals that the
initial values of the α-relaxation times, measured at TANN = 247
K immediately after an up jump, follow a completely different
trend than that seen for down-jump conditions. Initially, the
segmental mobility of the confined PMPS is the slowest in
AAO nanopores with N = 24 nonpolar spacer groups per single
polar unit, while its the fastest in native nanopores. The
analysis of the equilibration kinetics with the use of the
stretched exponential function also reveals a very interesting
finding. Namely, with increasing the number of nonpolar
spacer groups at the pore surface, the confined polymer
recovers toward equilibrium faster. Table 1 lists the parameters
obtained from the analysis of the τα(t) with the use of a
stretched exponent. For better visualization, in Figure 18, we
also summarize the behavior of the characteristic annealing
times as a function of the ratio between the polar and nonpolar
units. In the case of up jumps, the hydrophobic surface
conditions facilitate recovery in confinement, while for the
down jumpsthey are not favorable. From that, we presume
that by changing precisely the surface polarity, it is possible to
control the time of the structural recovery toward the
equilibrium state.
In line with the dielectric measurements, we have also
performed annealing experiments using DSC. The two tested
Table 1. Fitting Parameters from the Stretched Exponential Function Describing the Equilibration Kinetics of PMPS 2.5k
Located in Native and Surface-Modified Alumina Templates with a Pore Diameter of 80 nm
sample
parameters N = 1 N = 3 N = 6 N = 12 N = 24 native
T = 247 K after jump from T = 293 K a −0.82 −0.92 −0.84 −0.74 −0.70 −0.91
b −4.48 −4.37 −4.49 −4.54 −4.48 −4.59
n 1.49 1.26 1.12 1.16 1.10 1.19
log10τANN 3.04 3.17 3.21 3.24 3.29 3.21
T = 247 K after jump from T = 243 K a 0.34 0.40 0.39 0.30 0.40 0.34
b −4.51 −4.46 −4.43 −4.50 −4.48 −4.65
n 0.69 0.64 0.51 0.46 0.30 0.63
log10τANN 2.57 2.43 2.39 2.23 2.01 2.40
Figure 18. Dependence of the annealing time for the different ratio
values between polar and nonpolar units used for surface modification
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samples were PMPS 2.5k confined in AAO nanopores with
modified surface polarity, N = 1 and N = 24. Figure 19a
illustrates the detailed steps of the experimental procedure.
Politidis et al. reported that without crossing the low Tg1 the
higher Tg2 does not appear on DSC scans for cis-1,4-
polyisoprene confined in AAO nanopores.84 Keeping that in
mind, we first aim to test if Tg2 can be detected on DSC traces
of the studied confined systems when Tg1 is not crossed. The
annealing temperature T = 235 K matches these requirement
conditions. Therefore, after cooling from 313 to 235 K (Tg1 <
T < Tg2), the samples were isothermally annealed for 2 h.
Then, the heating scan was performed from 235 to 313 K
(without cooling to lower temperatures). The results, as shown
in Figure 19b,c (blue lines), demonstrate the presence of Tg2 in
calorimetric data, though we have not cooled down the sample
to lower temperatures, that is, below Tg1. From that, we see
that the appearance of Tg2 is not conditional concerning
crossing Tg1. Interestingly, the same conclusion was also made
for PMPS with a higher molecular weight (21.7k) confined
within 100 nm AAO nanopores. The results of the calorimetric
studies, which are presented in the Supporting Information,
demonstrate that the presence of high Tg2 does not depend on
the molecular weight, in contrast to cis-1,4 PI studied by
Floudas and co-workers.84 In the next run, isothermal
annealing was performed at TANN = 247 K for 10 h. After a
given annealing time, the sample was cooled down to 183 K
and then measured upon subsequent heating (i.e., upon
crossing the temperature region at which Tg1 is observed).
Lastly, the sample was cooled to 183 K with 10 K/min and
reheated at the same rate, while omitting the annealing step.
Figure 19b,c shows the obtained results for the tested polymer
confined in AAO nanopores with the two limiting surface
polarity conditions, N = 1 and N = 24, respectively. The first
important information extracted from the thermograms is that
prolonged annealing carried out at 247 K does not clear out
completely the confinement effects on heating. More
specifically, even if the equilibrium state is regained in the
previous step, subsequent cooling of the sample to lower
temperatures drives it out of the equilibrium again. The
equilibration phenomenon is, however, seen in the values of
Tg1 and Tg2. After prolonged annealing at 247 K, Tg1 shifts
toward higher temperatures, while Tg2 toward lower temper-
atures, when compared to the freshly prepared (not-annealed)
samples.
It is still not entirely clear why the two Tg scenarios are
sometimes seen for the nanopore-confined samples. We have
detected it in all of the cases, though the inner surface of the
pores was modified via different strategies, including changes in
the polarity and hydrophobicity/hydrophilicity. This suggests
that the presence of Tg2 does not depend strongly on the
surface chemistry. The modification of the surface conditions
aims to affect the specific interactions of the polymer with the
confining walls causing Tg2 to disappear. However, the
presence of two Tg’s has also been seen even in the absence
of strong interactions for other systems.93 One of the
possibilities, noted by Wang et al., is to link high and low
Tg’s seen in nanopore confinement with a variation in the
density, which for the regions close to the smooth pores induce
denser packing, while for the regions away from the pores
results in consistently lower density areas.93 Such an
Figure 19. (a) DSC protocol used for PMPS 2.5k in 80 nm AAO templates with the varying pore surface polarity, N = 1 and N = 24. Curves (1)
were recorded on the heating from T = 235 to T = 313 K, after annealing at T = 235 K; curves (2) were collected on the heating from T = 183 to T
= 313 K after prior annealing at T = 247 K for 10 h; curves (3) refer to the measurements on the heating from T = 183 to T = 313 K without any
prior annealing. Panels (b,c) show DSC thermograms (and heat flow derivatives) indicating different Tg values for N = 1 and N = 24, respectively.
DSC data were recorded on heating with a rate of 10 K/min, following cooling with 10 K/min.
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explanation would explain the disappearance of two Tg
scenarios for rough pore walls.94 What the current study
shows is that the particular surface chemistry can either
promote or hinder the equilibration phenomena that bring
back the nanoconfined system to the time scale of the bulk
material.
It should be noted that except for the particular changes in
the surface conditions, like that induced by controlling the
number of nonpolar spacer groups attached to the nanopore
walls, the interfacial energy is expected to play a significant role
in controlling segmental dynamics of the polymer under
nanopore confinement. This was demonstrated for polymer
materials by Alexandris et al.56 as well as for the low-molecular
compounds by Talik et al.25 Typically, with increasing the
interfacial energy between the polymer and the alumina
surface, the glass-transition temperature of the core fraction is
decreased compared to the bulk material. On the other hand,
as interfacial energy increases, the glass-transition temperature
of the interfacial layer was found to increase. By knowing that
this is a general trend observed for numerous polymers and
molecular systems in confined geometry, we have determined
the surface and interface properties of PMPS 2.5k and alumina
substrates (native and modified). The details of such
calculation can be found in the Supporting Information. The
results presented in Figure 20, demonstrate that with
increasing the number of nonpolar spacers at the alumina
surface (from N = 0 to N = 24), the interfacial energy between
PMPS and the considered confining substrates increases, from
∼7.4 to 12.5 mN/m. This suggests stronger interactions of the
polymer with the substrate with increasing number of nonpolar
spacer units attached to the alumina surface. In contrast to
that, when changing the number of the nonpolar space units
from N = 0 to N = 24, the differences in the values of the glass-
transition temperatures recorded for core and interfacial
fractions are only within few Kelvins (DSC data shown in
Figure 15). Both systematically increase, but still the observed
differences are very subtle. By combining these two findings,
we can conjecture that, for the series of the investigated PMPS
samples confined in AAO templates with modulated surface
polarity, the changes in the interfacial energy do not produce
well-pronounced differences in Tg values for the core and
interfacial layers. However, it does not mean that the interfacial
energy between PMPS and alumina templates with either
native or modified pore walls is insignificant. As a matter of
fact, it should have a substantial effect on the confined polymer
dynamics. We can expect that by taking into account a large
downward shift of the glass-transition temperature in confined
geometry, that is, ΔTg = Tgcore − Tg,bulk, which for the tested
polymer is approx. within (−16) to (−18) K. Based on the
literature data, the estimated value of the interfacial energy for
PMPS with similar Mn ∼ 2200 g/mol confined in native AAO
templates is 7.4 mN/m.56 In contrast, almost no shift in Tg is
observed for glycerol with extremely low interfacial energy, γSL
= 1.5 mN/m.25
■ CONCLUSIONS
In this work, by employing DS and DSC, we have investigated
the influence of the changes in surface polarity on the
segmental dynamics of PMPS 2.5k confined in nanoporous
alumina templates with 80 nm pore diameter. To control the
surface conditions, we have functionalized AAO membranes
using highly polar propyl phosphoric units separated by the
assumed concentration on nonpolar triethoxysilane groups. By
adjusting the proportions between polar functional units and
nonpolar spacers (from N = 0 to N = 24), it was possible to
control the polarity of the surface and, therefore, also the
hydrophobic character of the pore walls. Induced in this way,
changes in the surface conditions turned out to affect various
aspects of the confined polymer dynamics. The most
significant ones include reducing the gradient in mobility
that propagates from polymer chains strongly bound to the
pore walls into the center of the pores. Chemical modification
of the surface prevents the formation of the interlayer located
between the interfacial layer and the core volume. The
interlayer is seen as an additional glass-transition event on
DSC thermograms of the nanopore-confined polymer.
Calorimetric results also indicate that in none of the studied
samples, the modification of the surface conditions inhibits the
formation of the adsorbed layer. Therefore, upon cooling, we a
deviation of τα(T) from the bulk behavior is observed. With
increasing the number of nonpolar spacer groups attached to
the pore walls, the glass-transition temperatures assigned to the
adsorbed layer and core volume progressively shift toward
higher temperatures. As these changes are very subtle (only
within a few Kelvins), they cannot be seen clearly in τα(T) for
the confined polymer. Because in the temperature region
located below the glass-transition temperature of the interfacial
layer, the confined polymer is in an out-of-equilibrium state,
we were able to study the structural recovery. The bulk-like
evolution of the segmental relaxation time can be restored by
prolonged annealing. Interestingly, we found that the changes
in the surface polarity affect the equilibration kinetics and can
be used to control the time of the structural recovery toward
the equilibrium state. In the case of the functionalized
nanopores with increasing the number of nonpolar spacer
units per single polar group, the recovery from the confine-
ment effect is favored for up-jump conditions, while retarded
when doing down temperature jumps. This study also shows
that the breadth of the relaxation function is an important
parameter that can sense differences in the surface conditions.
In confined geometry, we typically observe a pronounced
broadening of the α-loss peak that can be itself affected just by
Figure 20. Dependency of the interfacial free energy γSL for PMPS
2.5k/alumina substrates as a function of the number of the nonpolar
spacer groups attached to the surface. Based on contact-angle
measurements performed at room temperature.
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changing the functionalization strategy. In this picture, our
result sheds new light on the role of the surface conditions on
the glass-transition dynamics of the nanopore-confined
polymers, specifically, knowing that the behavior of nano-
pore-confined systems are strongly affected by various factors,
such as thermal treatment, surface chemistry, or interfacial
interactions. Understanding their individual role and complex
interrelation will help design polymer nanomaterials with
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Results of calorimetric studies for PMPS 21.k, water
contact-angle measurements made on flat nonporous
alumina, characterization of the obtained samples and
verification of each step of the surface modification
strategy, and calculation of the surface and interfacial
properties of PMPS 2.5k and flat alumina substrates
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